Early-phase pyrogen tolerance was induced in rabbits by two consecutive daily injections of 125 ng of endotoxin per kg of body weight. The second injection of the same dose of endotoxin evoked only a monophasic fever with a peak response 1.5 h after the injection; no second peak was observed. The rabbits were released from the tolerance to develop a typical biphasic fever by an injection of 125 ng of endotoxin along with human beta interferon (HuIFN-j8), although the tolerance-inducing amount of endotoxin alone could not. The profile of the febrile response of tolerant rabbits injected with both endotoxin and HuIFN-I3 could not be distinguished from that of normal rabbits. There was no essential difference between natural and recombinant HuIFN-, in breaking tolerance. Heat-stable (70°C, 30 min) endogenous pyrogen or tumor necrosis factor was increased significantly in concentration in the serum of tolerance-broken rabbits. These results suggest that HuIFN-, stimulates the production of tumor necrosis factor in tolerant rabbits to elicit the second peak of febrile response.
Pyrogenicity is one of the prominent properties of endotoxin. Repeated injections of endotoxin result in a pyrogenrefractory state, or pyrogen tolerance, in animals (2) . Two types of pyrogen tolerance have been described; one is termed early-phase and the other late-phase pyrogen tolerance (reviewed in reference 16). Early-phase pyrogen tolerance is accompanied by a reduction in endogenous pyrogen (EP) production, and the late one is induced by the production of antibodies specific for 0 antigens (16) .
In this study, we examined the effects of human beta interferon (HuIFN-,B) on the febrile response of rabbits in early-phase tolerance, since we had found that recombinant HuIFN-, (rHuIFN-,), which cross-reacted with rabbit cells by more than 15%, dramatically augments the febrile response to endotoxin in normal rabbits (20) . Injection of a nonpyrogenic dose of HuIFN-P along with a toleranceinducing amount of endotoxin easily broke the early-phase pyrogen tolerance. Since EP has recently been shown to include IFN-ot (11) , interleukin 1 (IL-1) (12, 13) , and tumor necrosis factor (TNF) (12) , we also examined the role of these factors in the restoration of the febrile response of tolerant rabbits, and the results suggest that restoration is due to the production of TNF.
MATERIALS AND heparinized syringe under ether anesthesia at 2 h after the injection of test materials. Plasma was immediately separated by centrifugation and stored at 4°C, and 20 ml of plasma was transferred into each rabbit. Blood IFN assay. IFN activity in rabbit serum was measured by the dye-binding assay method (1), which was based on the inhibition of the cytopathic effect of vesicular stomatitis virus on RK13 cells, obtained from the American Type Culture Collection, Rockville, Md., and expressed as the laboratory rabbit standard unit.
Blood TNF assay. TNF activity in rabbit serum was measured by the dye exclusion cytotoxicity test in the presence of actinomycin D (1 ,ug/ml) after 15 to 18 h of incubation of TNF-sensitive, IFN-resistant mouse L929 cells (30) . One unit of TNF is defined as a reciprocal of the dilution which showed 50% killing of L929 cells. Activity was expressed as the laboratory standard unit, 1 U of which is comparable to 0.0031 U of the human reference standard of the National Institute of Health, Japan (J-PS5K01). The activity was confirmed to be due to TNF itself in terms of susceptibility to an anti-rabbit TNF monoclonal antibody (18) .
RESULTS
An early-phase pyrogen-tolerant state could be induced in rabbits by injection of 125 ng of endotoxin per kg of body weight, by which a typical biphasic febrile response should be evoked. In our experimental system, rabbits were injected i.v. once or twice with 125 ng of Boivin-type endotoxin of E. coli to develop a pyrogen-tolerant state. The second injection of the same dose of endotoxin evoked only a monophasic fever with a peak response at 1.5 h after the injection, and no second peak was observed. The pyrogen tolerance-inducing activity of endotoxin was abolished when the endotoxin was treated with polymyxin B, an agent capable of blocking the activities of the lipid A portion of endotoxin (Table 1) . (All results are expressed as mean + standard error of the mean [SEMI.) The pyrogen-tolerant state induced by the injection of the endotoxin continued for more than 10 days after the first injection (data not shown). As reported by other investigators (31), larger amounts of endotoxin than used for induction of the tolerant state could break the early-phase pyrogen tolerance (Fig. 1) .
In a previous paper (20) , we reported that rHuIFN enhanced the efficiency of induction of endotoxin-induced fever in normal rabbits. Hence, the effects of rHuIFN on the febrile response of pyrogen-tolerant rabbits to endotoxin were examined. In tolerant rabbits, 6 x 105 U/kg of body weight or less rHuIFN was not pyrogenic.
The pyrogen-tolerant state was induced in rabbits by two consecutive daily i.v. injections of 125 ken by the injection of rHuIFN along with endotoxin, neither of which could break the tolerance alone.
The relationship between rHuIFN dose and febrile response of tolerant rabbits was examined. The second peak of fever became apparent when 6 x 105 U or more of rHuIFN per kg was injected (Fig. 3) . Even when more rHuIFN than 3 x 106 U/kg was used for injection, the profile of febrile response in tolerant rabbits was essentially the same as that in tolerant rabbits who received 3 x 106 U of rHuIFN per kg. Thus, rHuIFN appears to restore the normal pyrogenic response to endotoxin in pyrogen-tolerant rabbits in a dosedependent manner.
Similar experiments ( Fig. 2 and 3) were repeated with nHuIFN. Results of a representative experiment on the nHuIFN dose-response of fever are shown in Fig. 4 It is possible that the higher efficiency of nHuIFN in restoring the normal febrile response is at least partly due to the higher cross-reactivity with rabbit cells and also to the difference in pharmacokinetics in rabbits (27) . However, in the following experiments rHuIFN was used for further analyses, since nHuIFN contained more endotoxin than rHuIFN. Figure 5 shows the relationship between endotoxin dose and the change in body temperature at the second peak of fever in the presence or absence of rHuIFN. The injection of 6 x 105 U of rHuIFN per kg increased the susceptibility of tolerant rabbits to endotoxin more than 100 times in terms of the second peak of febrile response. Similar results were obtained in the experiments by using 3 x 106 U of rHuIFN per kg. The efficiency of endotoxin in inducing the febrile response in tolerant rabbits could not be enhanced any more. Figure 5 also demonstrates that injection of rHuIFN restored the normal responsiveness to endotoxin in tolerant rabbits.
The similar restoration of the second peak of febrile response in tolerant rabbits by rHuIFN was found with Westphal-type endotoxins from different gram-negative bacteria (Table 2 ). In addition, polymyxin B-treated Boivin-type endotoxin had no pyrogenic activity in tolerant rabbits even in the presence of a sufficient amount of rHuIFN (data not shown). The lipid A portion of endotoxin thus seems to be an essential structure for releasing rabbits from pyrogen tolerance by the aid of rHuIFN.
To understand the mechanism of the restoration of the second peak of febrile response in tolerant rabbits by the aid of rHuIFN, EP, IFN, and TNF activities in the blood of tolerance-broken or tolerance-preserved rabbits were examined 2 h after the stimuli. In the plasma transfer experiments, EP activity was detected in the plasma from tolerancebroken rabbits but not in the plasma from tolerancepreserved rabbits (Table 3) . Neither TNF nor endogenous IFN activity was detected significantly in the 2-h serum sample from tolerance-preserved rabbits after injection of 125 ng of endotoxin per kg of body weight, whereas significant concentrations of TNF activity were detected in all sera from tolerance-broken rabbits. IFN activity could be detected in the sera from tolerance-broken rabbits in one experiment but not in another. Since TNF activity turned positive by treating sera at 70'C for 30 min in which no activity could be detected before the treatment, some anti-TNF factors may be in the blood. The possibility of the contribution of IFN or IL-1 to the second peak of febrile response of tolerant rabbits could be excluded, since rabbit IFN (23) and IL-1 (13) have been reported to be heat labile and EP activity in the plasma from tolerance-broken rabbits was not changed by heating.
Our findings demonstrated that there is a correlation between the blood TNF activity and restoration of the second peak of febrile response in tolerant rabbits.
DISCUSSION
Several different hypotheses on the mechanism of earlyphase pyrogen tolerance have been proposed in relation to phagocytosis, anti-lipid A antibodies, immune response, or eicosanoid metabolisms (reviewed in reference 9), but the precise mechanism remains to be elucidated.
Beeson (2) (8, 10, 16, 17) . Our present finding that there is a correlation between the elevated blood TNF level and the abolishment of tolerance strongly supports the above concept, since TNF has been reported to be produced by macrophages (3) .
TNF production in tolerant rabbits appears to be fully restored by the injection of HuIFN-,B. The finding could be in accordance with the following findings called priming effects of IFN; (i) IFN produced by RK13 cells primed rabbit macrophages in vitro to enhance IFN production (19) ; (ii) HuIFN-, primed rabbits in vivo for TNF production (20) ; and (iii) IFN-ao/, primed mice in vivo for TNF production (26) .
In the experiments reported here, we used HuIFN-P in rabbits. Although IFN is well known to have species specificity, HuIFN-P cross-reacted with rabbit cells to a considerable extent to human cells in terms of antiviral activity. HuIFN has also been reported to be active on rabbit cells in other activities (7, 22, 24, 28 
